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A DIGITALLY CONTROLLED MODULAR POWER SUPPLY FOR 

AUTOMATED TEST EQUIPMENT 



FIELD OF THE INVENTION 

v . o1a1 . fl c to automatic test 
The present invention relates to «* 

to test integrated circuits 
equipment (ATE) systems used to test 

•^ficallv the invention is directed to 
(ICs) . More specifically, 

mPS) for providing power to circuits 
device power supplies (DPS) ror p 



under test 
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BACKGROUND ART 

* / stf \ for digital integrated 
Automated test equipment (ATE) for dig 

circuits are required to provide a stimulus to the 

integrated circuit (Id and to measure the resultant 

15 digi tal response from the IC. Depending upon the size and 

f unction of the IC being tested, the power required for 

Trc m - v ranqe from less than one watt to 
testing common ICs may range 

so watts in order to meet the wide range of 
greater than 50 watts, in 

current and voltages required by various ICs, it is 
20 desirable that a power supply be programmable. 

Since a power supply -St be capable of meeting the 

tp« it is also desirable 
current requirements for large ICs, it 

* means for current limiting in 
that a power supply provide a means ro 
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otd er to protect the test equipment and the circuit being 



tested. 



Fig ure 1A shows a conventionai crowbar current limit 
5 scheme. When the ioad current reaches a specified limit, 
the power supply is switched off, with the load voltage and 
current being forced to zero. The power supply usually 
requires a reset to restore operation. This is a 
straightforward and cost effective current limiting 



10 



technique to implement 



Fig ure IB shows a constant current limiting scheme. 
The constant current scheme allows for continued operation 
of the device being tested at the set maximum current; 
15 however, the power supply may be reguired to sustain a 

lar ge voltage drop across its pass device, resulting in a 
lar ge power dissipation by the supply. The requirement for 
handling the thermal load increases the cost and size of 



the power supply 



20 



Figure 1C shows a foldback technique that is a 
tradeoff between the crowbar and straight current limiting 
solutions, instead of shutting off the supply current or 
m aintaining a fixed value, the supply current is reduced in 
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response to a drop in the load voltage when the current 
limit is reached. Although operation can be maintained at a 
reduced current, foldback limiting can have difficulty 
recovering from a short circuit, with the output voltage 
5 being limited if the load current rises above In,. 

Figure 2R shows an example of a conventional current 
limiting circuit 200. The load current is sensed by an 
instrumentation amplifier 205 by measuring the voltage drop 
10 across R««,. The output of the instrumentation amplifier 

205 is fed back into an error amplifier 210 that senses the 
output voltage V« and compares it against a reference 
voltage V„ t . It is desirable that the voltage and current 
sense loops be fast in order to guarantee fast transient 



15 response 



Figure 2B shows an implementation of a foldback 
current limiting scheme 220. A Darlington pair pass device 
225 includes transistors Ql and Q 2 . A sensing network 230 
20 comprises resistors R 3 , R«, Rs, and PNP transistor Q 3 . 
Limiting is provided when increasing load current 
eventually turns on Q 3 , producing an increasing voltage drop 
across R 6 that gradually turns off the pass device 225. The 
scheme 220 is dependent upon the base-emitter voltage of Q 3 , 
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and thus is dependent upon the transistor fabricate 
lability. The current limit cannot be easily adjusted 



var 

ithout circuit modification. 



w 



5 Figure 3A shows an example of a low ripple power 

supply 300 that is generally used as a device power supply 
( dps) in Automated Test Equipment (ATE) systems. In spite 
of the relatively low efficiency of linear voltage 
regulators, they are preferred for use as a low ripple 

10 regulator 305 due to the absence of switching noise. The 
dissipation in the regulator 305 is the product of the 
voltage difference (V p « - V«> and the load current. A 
digital-to-analog converter (DAC, 310 may be used to set 



the output voltage 



Figure 3B shows a DPS 340 similar to that of Figure 3A 
with a high efficiency switching supply 345 used to provide 
a fixed V P „ for a lew ripple regulator 305. This scheme 
provides a stable input voltage for the linear voltage 
20 regulator 305; however, for low V,« t , efficiency is reduced 
by the increased voltage drop across the regulator 305. 
This problem is exacerbated when a low voltage part 
req uires more current than its higher voltage counterpart, 



wh 



ich is typically the case 
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SUMMARY OF INVENTION 

Accordingly, what Is needed is an improved device 
power supply ( DPS) that provides both efficiency and 
flexibility for powering integrated circuits over a wider 
5 range of current and voltage requirements. The circuit may 
be used in automatic test equipment (ATE, applications in 
one embodiment. The embodiments of the present invention 
provide such efficiency and flexibility by using a 
combination of firmware prograrmnability and hardware. These 

* fK. nrpsent invention not recited 
10 and other aspects of the present in 

,,v,j„ ).v,p descriptions of the 
above will become clear within the descr p 

present invention presented below. 

in one embodiment of the present invention, a 
15 digitally controllable hybrid power module is disclosed. An 
output of a switching power supply (e.g., a bucx converter, 
l6 coupled to the input of a linear voltage regulator. The 

, „„h linear requlator are each coupled to a 
switching supply and linear regu 

dt gital-to-analog converter (DAC, that allows the 
20 independent adjustment of their respective output voltages. 
The hybrid power module may also include switches for 
enabling/disabling functionality. Output voltage transient 
suppression and current limiting may also be used to 
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• .nts such as those produced during startup 
control transxents, sucn 

or under fast switching conditions. 

In another embedment, one or .ore hybrid power 
mod ules are controlled by a programmable controller. The 

i field programmable gate 
5 programmable controller may be a £»W P 

array (rPGN . microcontroller, or digital signal processor 
(DS P, . The programmable controller may Independently 



features in firmware. 
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BRIEF 



DESCRIPTION OF THE DRAWINGS 



v, „ a conventional crowbar current 
5 Figure 1A shows a convent 



limiting s 



cheme for a power supply- 



Fig ure IB shows a conventions! constant current 



limiting s 



cheme for a power supply- 



Figur e 1C shows a conventional fold.ac, current 

u ^«, 1<a for a power supply- 
limiting technique tor a V 

amnle of a conventional current 
Figure 2A shows an example ot a 

15 limiting circuit. 

Fig ure 2B snows an mentation of a conventional 
(oldback current limiting circuit. 

Test Equipment (ATE) systems. 
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Figure 3B .hows a DPS 340 similar to that of Figure 3, 
with i„ combination with a switching supply. 



Figure 4 shows a bloc, levei diagram for a digitally 
5 controlled hybrid power module in accordance with an 



embodiment 



of the present claimed invention. 
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Figure 5 shows a DPS in accordance with an embodiment 
of the present claimed invention. 

Figure 6 shows a detailed diagram for a digitally 
controlled hybrid power module with dual current sensing 
re sistors in accordance with an embodiment of the present 
claimed invention. 



15 



20 



„ rii an ram for an inrush current 
Figure 7 shows a diagram tol 

•^h in accordance with an embodiment of the 
limiting switch in accordant 

present claimed invention. 

^ anram for a transient suppressor 
Figure 8 shows a diagram ror 

it- in accordance with an embodiment of the 
and discharge unit m accoraauu 

present claimed invention. 
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bailed diagram for a digitally 
Figure 9 shows a detailea aiay 

m , llp W ith a single sensing 
controlled hybrid power module witn 



resistor in ac 



cordance with an embodiment of the present 



claimed invention. 
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DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Reference will now be made in detail to the 
events o£ the invention, digitally controlled modular 
5 power supplies for Automatic Test Equipment (ATE, , examples 
of which are illustrated in the accompanying drawings. 

•li he described in conjunction with 
While the invention will be descrioeo 

j- „*. if will be understood that they 
the preferred embodiments, it will oe 

are not intended to limit the invention to these 
10 embodiments. The invention is intended to cover 

alternatives, modifications and equivalents, which may be 
included within the spirit and scope of the invention as 
defined by the appended claims. Furthermore, in the 
Allowing detailed description of the present invention, 
15 numerous specific details are set forth in order to provide 
a thorough understanding of the present invention. However, 
it will be obvious to one of ordinary skill in the art that 
the present invention may be practiced without these 

, _^^ QC , wp! 1 known methods, 
specific details. In other xnstances, well 

, n j n A rruits have not been 
20 procedures, components, and circuits n 

• w a • Hoi-ail as not to obscure aspects of the 
described in detail as nuu 



pres 



ent invention unnecessarily. 
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am r,f a DPS 400 in accordance 
Figure 4 shows a diagram of a Ufb 

wit h an embodiment of the present invention. A programmable 
controller 405 is coupied to a programing interfaoe 410 

and is aiso coupled to a plurality of hybrid 
5 poue r modules 420 by digital data line types 451, 452, 453, 
454, and 455. Auxiliary power supplies 425 provide the 
controller 405 and hybrid power modules 420 with power at 

vnltaoes The Auxiliary power supplies 
one or more working voltages. 

425 are coupled to a power connector 430. 

10 

The controller 405 may be a microcontroller, digital 
signal processor (DSP) , field programmable gate array 
(FPGA) or other device that is capable of executing a 
series of instructions. The programmable controller may 

v.,, -For ^t-orina instructions and/or 
15 include integrated memory for storing 

1 j an external memory, 
may also be coupled to an externa 

Data line type 451 is used to provide digital data to 
one or more digital-to-a„alcg converters «0ACs, that may be 
20 incorporated in the modules 420. The digital data supplied 

. - rtr rontr ol of the modules 420 through 
to the DACs is used for control ol 

,~n- a rro levels for components within 
the setting of analog voltage levers 



the module. 
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j switch control within 

Data line type 452 is used for switch 

„ , , 420 A high or low signal may be used for 
the modules 420. A nxy 

a n-icular functions through the 
enabling and disabling particular 

opening and closing of switches. 

5 a« mav be used for programming an 

Data line type 453 may oe 

nc , on IDDQ) The 

auxiliary measurement system 435 (e.g. 

435 may be inserted in the power module 
measurement system 435 may 

ai . ad as a passthrough or test signal 
output 456, and operated as P 

10 source for fault testing of a OUT. 

, • tvoe 454 is used for reoeiving data from one 
Data line type so* 

,oa digital-converters (ADC.) incorporated rn 
or more analog-digi^ax 

inrlude information 
the modules 420. This data may include 

current levels at circuit nodes 
15 regarding the voltage or current 

, lA and/or the module outputs. The 
within the power module, and/or 

• Pd from the ADCs over lines 454 is used 
digital data received from 

+ nina the power modules through the 
as feedback for controlling P 

Hnp , 451. Data line 4bb 
- rt f the data sent over lines 43 J- . 
adjustment of the oai 

• • H.ta from the IDDQ measurement 
used for receiving data trom 
20 may be usea j-uj. 

system 435. 

-i i-o a DPS connector 
, llles 420 are coupled to a uro 
The power modules 

• v.rface to a device under test 
440 that is part of an interface 

12 
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, p rh of the power modules has at least four 
(DOT) . Each of tne v» 

h .„ h FH 456 and force low FL 45B 
connections. A force high FH 

, current loop for the DUT, and a sense 
provide the supply current loop 

low SL 4 59 provide for measurement of 
high SH 457 and sense low SL P 

at t he device under test (DUT) . 
5 the voltage at the aevx 

control PO„er m o dUl e S00 „ accor.ance -it, « 

nH . n T he power supply buu 
embodiment of the present invention. 

H to as a hybrid because it includes both a 
10 is referred to as a nyu 

lv 505 and a linear power supply 510. 
switching power supply 505 and 

n1u 505 is used to provide 
* of the switching supply 5US is 
The output of tne swxu 

• «■ voltaqe V to the linear supply 510. 
the input voltage 

In contrast to tne prior art, oot h tne switch 
supply 505 an, tne linear supply 510 are airily 

lled DAC 515 Provides an anaroo. output relate to 
controlled. l>a<~ f 

V ana OAC 520 proves en analo, output relate 

i the desired output 
\i could be equal to the oebx 
Vset- for example, V set couia 

i^r. dianals for Voffset 
20 voltage for tne Unear supply. Tne analo 9 sr,n 

^- it^l data provided to DAC 515 
and V set are derived from digital P 

and DAC 520, respectively. 
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. mtaae V of the switching supply 505 is 
The output voltage v 

m «H output voltage V se t and an offset 
the sum of the programmed output 

v Thus, the switching supply 505 is coupled to 

voltage V 0 ffset- inus ' 

„ nAr 52 o The independent control of V 0 «..t 
both DAC 515 and DAC 520. 

iw S05 allows the voltage 
~*rt to the switching supply 505 alio 
5 with respect to uic 

n hP set for an optimum 

dro p across the linear supply to be 

efficiency and ripple rejection. By setting 
balance between efficiency 

=. <?necified ripple 
W to the value required to meet a spec, 

• in the linear supply may 

rejection, unnecessary dlssrpatron 

■ ded The linear supply 510 Is coupled to DAC 520, 
10 be avoided. Tne xme 

and has a programmed output voltage V out - V set . 

HPtailed diagram 600 for a digitally 
Figure 6 shows a detailed oi y 

* H-aital data line type 452. Output 
and 610 are examples of digital 

' f *4nital data line type 

Unes 611 and 612 are examples of digxt.1 

m cw 614 and SL 615 are 
454 . Power supply outputs FH 613, SH 614, 

ip force low FL is not shown, and is 
20 shown, in this example, force 



taken as ground 
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• tnn 625 The enable line 605 is used 
device (e.g., transistor) 625. 

for turnin, the module on or off. ^ driver » 

•^h driver 617 for limiting the 
provide a signal to the switch driver 

, to specific values. For example, transistor 
5 output current to specinu 



625 may be a MOSFET. 



For example, if a OUT presents a capacity ioad, the 
,„ da»a 9 e. The current is sense, hy «- driver «» - 

oon^P resistor R S ense2. This 

the voltage across the current sense 

j to the reference analog signal from the 
signal is compared to the re 

i - nar 616 bv the driver 617. 
current clamp DAC bib oy 

p , is in the output current path, it 

Since Rsense2 1S 111 

• value be kept below 100 

desirable that the resistance value 

■t-h a preferred value of about 50 milliohms. It 
milliohms, with a preierLe 

/r be less than one, 

• fhat ratio Of R S ense2/ ^sense 

is also desired that ratx 

w ith a preferred vaiue of about 0.5. In genera!, the 

~-f resistors comprising Rsense and 
20 availability of a pair of resistors 

_ enahles the — of independent selecting 
valu es to attain desired accuracy, loop response .speed,, 
and dissipation according to the specific ^presentation. 
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-i^ Tn a switching power 
3m olifier 619 is coupled to a 
Rn error ampiin eJ - 

\ ci« V - DAC 621, Voffset DAC 
n ,o a buck converter) 618, V set 
supply (e.g., DU " 

620 , and also to the output of the bucK converter The 

* „Hh a rk from the output ot 
erro r amplifier 6X9 combines feedback 

v onverter 618 with the control signals fro* 
5 the buck converter oj-° 

• e.K r h P inout voltage for the 
620 and DAC 621 to establish the inpu 

jz device 624 (e.g.. 

. m r,iifier 627 and the output 
MOSFET) , the compensated error ampler 

voltage sensing device (626). 

10 

nfipr 627 is coupled to an 
The error amplifier 

■ amplifier 626 that is in turn coupled to 
instrumentation amplifier 

ot cis The actual voltage 
ch 614 and sense low SL 615. me 
sense high SH bif» «*» 

_, i is sensed by bM 

supplied to the DUT by the module output 

j the reference signal from 

15 61 4 and SL 615 and combined with the 

the control signal for the pass 
the Vset DAC 621 to provide the contr 

n -^r 626 is preferably a device with fast 
device 624. Amplifier 626 is p 

that voltage transients may be detected, 
response so that voit^y 

20 The instrumentation amplifier ^ is also coupled to a 

v oltage sense read bad* 613 (di^l data line t yP e . 
prOTi des information to the programmable controller for 
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x. • and shutdown of the 
.^rtno operation, ana bnu 
supervising the startup, op 

• = a iQo provided to the 
m odule 600. information is also P 

.roller by current sense ADC 629. 
programmable controller oy 

ro a current sensing 
« anr 629 is coupled to a t-w 
Current sense ADC 6zy 

„ = -t-hp voltage drop 
,. fipr 628 that senses the vox 
instrumentation amplifier 

, i u-;rthpr resolution, 
„ » in order to provide higher 

across Rsense- chosen for 

lnes and relative proportions may be 
absolute values and e 

to implement desired accuracy, P 

Rsense and Rsense2 tO imp 

0 (speed), and dissipation goals. 

4. tj is typically has a 
In a preferred embodiment, Rsense ^ ^ 

la rger value than Rsens,; for example, if Rsense2 13 ^ °_ 
. hs R .ouldbesetataboutlOOmilliohms.The 

i fmm the current sensmy 
15 digital signal from super vising 

• <-« the programmable controller for sup 
information to the prog 

, ion an d shutdown of the module 600. 
the startup, operation, and 

co "3 i *? coupled to the 
A transient voltage suppressor 623 

, ut FH 613, instrumentation amplify 626, 
20 Power supply output FH 

nAC 616, voltage clamp DAC 622, an 
current clamp DAC 616, ^ 

ul , in The transient suppressor 62J 
clamp enable 610. The 

4. ph fil3 in response to cne 
sink current at the output FH 613 

sinK suppressor 

, SH 614 and SL 615. Enablement of the PP 
voltage at SH bii 
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hi. line 610, and the operating 
ml led by the enable line ox 
£9"} is controlled uy 

, s are controlled by ourrent clamp DAC 
parameters are con 

voltage clamp DAC 622. 

Hiaaram 700 for an example of an 
5 Figure 7 shows a diagram 

■ ■„„ a driver 617 and a pass 
kl ,„ lamo switch comprising a drive 
enable/clamp sw 7Q5 . g 

. 625 W hen the enable line 605 is off, 
" lt e at the positive input of amplifier 

fhe voltage at tne 

0Pe "' . M the pass device 625 to be 

710 ls pulled negative, casing the pa 

, • . 605 is on and switch 705 is closed, 
,0 closed. When line 605 is o 

. positive voltage at the 
signal from DAC 616 produces a positi 

positive input of amplifier 710. 

u o difference amplifier 

As current flows through . 

15 72 0 produces an output signal proportional to the 

\ fts the signal fro. amplifier 7 2 0 approaches 
current. As the begin 

to turn off the p 

curr ent. The onset of limiting may 
20 the gain of amplifier 720. 

snn for an example of a 
Figure 8 shows a diagram 800 

fi93 A n error amplifier 805 
, tane suppressor 623. An 
transient voltage su P t> 

the DUT (e.g., 



has a pos 



itive input V S ense coupled to 



INVS-P005/ACM/MDM 18 



• .mniifier 626), and the negative input 
instrumentation amplifier ozo, , 

cou pied to the » M e cia^p D*C 6 22 . » reference voita.e 

mUan(1 that is to be allowed 
V delta establishes the maximum voltage that 

5 at the module output (613). 

- v exceeds the reference 
When the output voltage at V se nse excee 

f rmc 622 switch 810 is closed, allowing 
limit voltage of DAC bzv, 

Qink 815 to discharge the 
the programmable current sink bio 

■«. .at the output and reduce the output voltage. 
10 capacitance at tne ou^u 

>a~* * current limit level V pd for the 
DAC 616 provides a current 

programmable sink 815. 

sln ce a finite a.ount of oapaoitance and instance 
15 exists at tne output of the .oduie when configured for 

^ i. rnP load currents 
a ^Hre fast switching of large 10^ 
testing a device, l«*e>u 

will le ad to voltage transients and stored charge. Negative 
transients are accomodated by the linear supply control 

, Hm SDikes are handled by the transient 
loop, whereas positive spiKes at 

«nr 623 Furthermore, circuits of the type 
20 voltage suppressor 623. turti 

path , for £ast discharging of the output capacitance. Thus 
. ,eans for siewin 9 the output voita^e native has been 



provided 
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The cognation of ADCs (629. 630, and DACs ,616, 620, 
62!, and 622, shown in Figure 6 ailow the provable 
controller 405 of Figure 4 to implement a wide variety of 
5 ourrent limiting and voltage limiting schemes. 

■v. „,,rfnts may be limited using the 
At startup, inrush currents may 

current clamp DAC 616. During operation, the combination of 
M Cs and DACs may be used to provide simple shutdown 
10 .crowbar,, fixed ourrent limit, or foldbac, limiting. 
Output voltage transients may also be suppressed. 

Figur e 9 shows a detailed diagram 900 for a digitally 
controlled hybrid power module that uses a single current 

■ =f „r R in place of the combination of EW. and 
15 sense resistor K sen se i« ^ xa ^ 

. „. „ c The use of a single current sense 
!W,2 shown in Figure 6. The use or 

resistor provides a simpler and more compact design, but 
the accuracy of the instrumentation amplifier 628 may be 
affected by the load of ourrent enable/clamp switch driver 
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• - • «f pnprific embodiments of 
The foregoing descriptions of speciric 

h« P been presented for purposes of 
the present invention have oeen V m 

mt.,, n ot intended to be 
illustration and description. They are not 
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exhaustive or to limit the invention to the precise forms 
disclosed, and obviously many modifications and variations 
are possible in light of the above teaching. The 
embodiments were chosen and described in order to best 
5 explain the principles of the invention and its practical 
application, to thereby enable others skilled in the art to 
best utilize the invention and various embodiments with 
various modifications are suited to the particular use 
contemplated. It is intended that the scope of the 
10 invention be defined by the Claims appended hereto and 
their equivalents. 
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